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1.0 INTRODUCTION A N D  SUMMARY 
The r e p o r t  wh ich  f o l i o w s  d e s c r i b e s  t h e  r e s u l t s  o f  t h e  f i r s t  phase 
o f  a  s t u d y  a t  t h e  U n i v e r s i t y  o f  M ich igan  T r a n s ~ o r t a t i o n  Research 
I n s t i t u t e  e n t i t l e d  " S i m u l a t i o n  o f  Occupant K inemat ics  i n  R o i l o v e r s . "  
What l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  k inemat i cs  o f  v e h i c l e  
occupants  d u r i n g  r o l l o v e r s  has been o b t a i n e d  e i t h e r  a f t e r  t h e  f a c t  by 
a c c i d e n t  r e c o n s t r u c t i o n  o r  by expens ive  e x p e r i m e n t a l l y - s t a g e d  a c c i d e n t s .  
The remainder  o f  t h e  r e p o r t  d e s c r i b e s  t h e  use o f  l ess  expens i ve  
a n a l y t i c a l  techn iaues t c  g raDn ica1 ' y  i1lus:ra;e tne  a c c i i c a c i ; i : \  oF 
occupant  m o t i o n  s i m u l a t i o n  computer moldels t o  t h i s  problem. I t  a i s o  
p r o v i d e s  g u i d e l i n e s  and t u t o r i a l  i n f o r i n a t i o n  f o r  f u t u r e  General  Mo to rs  
u s e r s  o f  t h e  s o f t w a r e  f o r  t h i s  a p ~ l i c a t i o n .  The f i r s t  phase r e p o r t  
d e a l s  w i t h  t h e  development o f  two-d imens iona l  r o l l o v e r  s i m u l a t i o n s  u s i n g  
t h e  MVMA two-d imens iona l  occupant  m o t i 3 n  model .  
The r e p o r t  i s  d i t / i d e d  i n t o  two p a r t s .  The f i r s t  i s  an i n t r o d u c t i o n  
and summary. I nc luded  a r e  rev iew  s e c t i o n s  on the  a n a l y t i c a l  t o o l s  used, 
t h e  d a t a  r e q u i r e d  f o r  o p e r a t i o n  o f  t h e  models,  t h e  o u t p u t  gene ra ted  b y  
t h e  example r o l l o v e r  s i m u l a t i o n ,  and c ~ ~ n c l u s i o n s .  The second p a r t  o f  
t h e  r e p o r t  c o n t a i n s  s e c t i o n s  d e t a i l i n g  t h e  p r e p a r a t i o n  o f  d a t a  f o r  use 
i n  s i m u l a t i n g  r o l l o v e r s  u s i n g  t h e  MVtlA 2-D occupant  model.  A d d i t i o n a i  
r e s u l t s  a r e  i n c l u d e d  wh ich  address t h e  prob lem o f  occupant  e j e c t i o n .  An 
append ix  t o  t h e  r e p o r t  c o n t a i n s  a  comple te  sample e x e r c i s e .  
1 . 1 .  A n a l y t i c a l  Tool  Used. The MVMA 2 - D  Occucant Mo t ion  S i m u l a t i o n .  
The a n a l y t i c a l  t o o l  chosen f o r  t h e  two-dimensions; s i m u l a t i o n  o f  a  
pu re  r o l l o v e r  i s  t h e  MVMA 2 - 0  Occupant m o t i o n  s i m u l a t i o n  computer 
program. F i g u r e  1 i s  a  schemat ic  o f  t h e  v e h i c l e  occupant  c o n f i g u r e d  f o r  
t h e  most t r a d i t i o n a l  s i m u l a t i o n  u s i n g  t h e  s o f t w a r e .  Among t h e  f e a t u r e s  
a v a i l a b l e  f o r  use o f  t h e  s o f t w a r e  are :  
- Occupant o r  p e d e s t r i a n  w i t h  a  n i n e  segment body l i n k a g e  
- Genera t i on  o f  f o r c e s  on t h e  occupant  due t o  i n t e r a c t i o n  w i t h  
v e h i c l e  s t r u c t u r e s  and r e s t r a i n t  systems 
- C a p a b i l i t y  f o r  i n c l u s i o n  o f  v e r t i c a l ,  h o r i z o n t a l ,  and r o t a t i o n 6 1  
v e h i c l e  c r a s h  p u l s e s  
- P r e d i c t i o n  o f  occupant  mo t ions  and responses such as H I C ,  femur 
l oads ,  and neck f o r c e s  
- C a ~ a b i l i t y  t o  model i n t r u s i o n  of v e n i c i e  r e g i o n s  such as r o o f  
and s i d e  door s t r u c t u r e s  
- G r a p h i c a l  d i s p l a y  o f  r e s u l t s  i n  t h e  fo rm o f  a c c e l e r a t i o n  and 
f o r c e  p l o t s  as a  f u n c t i o n  o f  t ime  
- Computer-generated a n i m a t i o n  o f  occupant  mo t ions  d u r i n g  t h e  t i m e  
p e r i o d  o f  t h e  impact  even t  
1 . 2 .  Data Reau i red  f o r  O p e r a t i o n  o f  t he  Model 
A schemat ic  s f  t h e  s i d e  v iew  o f  a  t y p i c a l  sea ted  occupant  i s  shown 
i~ i igu:e 2 .  From the  r e a r ,  t h i s  occupant  would appear as ; s  shown i n  
F i g u r e  3 .  These geomet r i c  v i e w  concepts  were deve loped d u r i n g  a  p r o j e c t  
conaucted f o r  MVMA e n t i t l e d  " B a s e l i n e  Data f o r  D e s c r i b i n g  Occupant S ide  
Impacts and P e a e s t r i a n  F r o n t  impacts i n  Two Dimensions" (Reference 1 ) .  
Tne o c c u p a n i / v e h i c l e  c o n f i g u r a t i o n  shown i n  F i g u r e  4 i s  based on t h e  
MVMA b a s e l i n e  and r e p r e s e n t s  t h e  c o n f i g u r a t i o n  o f  an a n t h r o ~ o m o r p h i c  
t e s r  dev i ce  i n  t h e  d r i v e r  p o s i t i o n  o f  a 1973 Bu ick  p r i o r  t o  a  d o l l y  
r c l l o v e r  t e s t  conducted a t  t h e  Gene-a i  Motors  P r o v i n g  Grounds. Any 
v e h i c i e  geometry,  occuoant  s i z e ,  o -  occupant  p o s i t i o n  c o u l d  have been 
used i n  d e v e l o p i n g  a  c o n f i g u r a t i o n  i t l ?  t h e  o v e r a l l  f e a t u r e s  o f  F i g u r e  
4 .  
D e f i n i t i o n  o f  t h e  r o l l o v e r  eve , t  :an be p resen ted  i n  terms o f  known 
? ~ e h i c l e  m o t i o n s .  I n  cases where t e r :  :ata a r e  a v a i l a b l e ,  these can be 
d e r i v e d  e i t h e r  f r o m  acce le romete rs  m > u n t ~ d  i n  t h e  t e s t  v e h i c l e  o r  f rom 
h i g h  speed m o t i o n  p i c t u r e s  o f  t h e  e v e n t .  I n  t h e  case o f  a  r e a l  c r a s h  
event ,  a  r e c o n s t r u c t i o n  o f  t he  v e h i c l e  - - a j e c t o r y  wcu ld  be r e q u i r e d  
based o r  t he  e s t i m a t e s  o f  i n i t i a l  v e i o c i l y ,  v e h i c l e  c o n t a c t  p o i n t s  w i t h  
t he  grouna, f i n a l  r e s t i n g  l o c a t i o n ,  and : ) t e n t  o f  damage t o  t h e  v e h i c l e .  
i n  t h e  example case o f  t h e  1973  B i ~ i c l ;  t e s t  r o l l o v e r ,  b o t h  v e h i c l e  
a c c e i e r m e t e r  d a t a  and movies o f  t h e  e v e r t  d e r e  a v a i l a b l e .  Use o f  t h e  
movies was s e l e c t e d  as t h e  s i m p l e s t  p roc~z . , -e  t o  de te rm ine  v e h i c l e  
pos ' : ;on and r o t a t i o n  ang le  as a  f u n c t i o n  c '  t ime .  P l o t s  o f  v e h i c l e  
p c s i r i o n  and a n g l e  as d e r i v e d  f rom t h e  movizs a r e  shown i n  F i g u r e s  5, 6 ,  
ana 7 .  
MVMA 2-D MODEL 






F I G .  4. I N I T I A L  C O N F I G U R A T I O N  OF OCCUPANT I N  V E H I C L E  
FOR S I M U L A T I O N  O F  D O L L Y  DROP ROLLOVER.  
400 800 1 2 0 0  1 6 0 0  
T I M E  (MILLISECONDS) 
F I G .  5 .  V E H I C L E  P O S I T I O N  ALONG GROUND AS A  F U N C T I O N  O F  T I M E .  

T I M E  ( M I L L I S E C O N D S )  
F I G .  7. V E H I C L E  R O T A T I O N  (ROLL) ANGLE AS A  F U N C T I O N  OF T I M E .  
1.3. O u t p u t  Gene ra ted  by  t h e  Model 
O u t p u t  f r o m  t h e  model i s  g e n e r a t e d  i n  t h e  f o r m  o f  t a b l e s  and 
g r a p h i c a l  d i s p l a y s .  S t a n d a r d  o u t p u t  i s  i n  t h e  f o r m  o f  t a b l e s  o f  a  i a r g e  
number o f  p h y s i c a l  v a r i a b l e s  such as: 
- v e h i c l e  m o t i o n s  
- body  segment m o t i o n ,  v e l o c i t y ,  and  a c c e l e r a t i o n s  
- f o r c e s  g e n e r a t e d  b y  body c o n t i ~ c t s  w i t h  t h e  v e h i c l e  as a  f u n c t i o n  
o f  t i m e  
- f o r c e s ,  t o r q u e s ,  and r e l a t i v e  m o t i o n s  a t  a l l  j o i n t  s t r u c t u r e s  
- p o s t - p r o c e s s e d  q u a n t i t i e s  such as  H I C  ( f o r  1000 t i m e  s t e p s ) ,  
r e s u l t a n t  a c c e l e r a t i o n s  a t  s p e c i f i e d  l o c a t i o n s  i n  t h e  head and 
c h e s t  , ,and femur 1 oads . 
G r a p h i c a l  d i s p l a y s  a r e  a v a i l a b l e  as p l o t s  o f  t h e  p h y s i c a l  v a r i a b l e s  
v e r s u s  e i t h e r  t i m e  o r  o t h e r  v a r i a b l e s .  Occupan t  m o t i o n s  can  be  
p r e s e n t e d  i n  an an ima ted  d i s p l a y  o r  m c ~ v i e  o f  t h e  occupan t  mov ing  w i t h i n  
t h e  v e h i c l e  d u r i n g  t h e  impac t  e v e n t .  Example p l o t s  o f  f o r c e s  g e n e r a t e d  
by t h e  head and h i p  r e g i o n s  o f  t h e  occ.upant  as a  f u n c t i o n  o f  t i m e  a r e  
shown i n  F i g u r e s  8 and 9 .  F i g u r e  10 i l l u s t r a t e s  t h e  v e h i c l e  and 
o c c u p a n t  k i n e m a t i c s  f r o m  t h e  moment t k e  v e h i c l e  i s  r e l e a s e d  f r o m  t h e  
d o l l y  a t  a  v e l o c i t y  o f  29 .6  mph u n t i l  t h e  v e h i c l e  i s  n e a r i n g  i t s  f i n a l  
r e s t  p o i n t  a f t e r  abou t  2000 m i l l i s e c o r ~ d s .  
The mos t  s t r i k i n g  f e a t u r e  shown b y  t h e s e  t h r e e  f i g u r e s  i s  t h e  l a r g e  
number o f  i n d i v i d u a l  dynamic i n t e r a c t i o n s  w h i c h  t a k e  p l a c e .  The head 
i n t e r a c t s  w i t h  d o o r s  and t h e  r o o f  on b o t h  s i d e s  o f  t h e  v e h i c l e .  The 
t o r s o  and l e g s  a l s o  i n t e r a c t  w i t h  s t r L i c t u r e s  o n  b o t h  s i d e s  o f  t h e  
v e h i c l e .  Body segment a c c e l e r a t i o n s  a r e  m o d e r a t e  t h r o u g h o u t  t h e  e v e n t .  
The i n d i v i d u a l  head c o n t a c t s  do  n o t  appear  t o  b e  o f  a  l e v e l  w h i c h  would 
l e a d  t o  f a t a l  i n j u r i e s .  
The f i r s t  i n  a  sequence o f  ma jo r  c o n t a c t  e v e n t s  t a k e s  p l a c e  a t  
a b o u t  200 m i l l i s e c o n d s .  The v e h i c l e  b e g i n s  t o  d r o p  t owa rd  t h e  g round  
a f t e r  r e l e a s e  f r om  t h e  d o l l y .  D u r i n g  t h i s  p e r i o d  t h e  v e h i c l e / o c c u p a n t  
c o m b i n a t i o n  i s  i n  f r e e f a l l .  The s e a t  c u s h i o n  e x e r t s  j u s t  enough f o r c e  




The c o n t a c t  o f  t h e  v e h i c l e  t i r e s  w i t h  t h e  ground a t  about  300 
m i l l i s e c o n d s  i n i t i a t e s  t h e  r o l l o v e r  sequence. The v e h i c l e  has passed 90 
degrees o f  r o l l  by 480 m i l l i s e c o n d s  wh ich  i s  about  t h e  same t ime  :he 
occupant  has dropped, l a r g e l y  t h rough  f r e e f a l l ,  toward  t h e  passenger 
d o o r .  Between 400 and 600 m i l  1 iseconds t h e r e  a r e  s e v e r a l  c o n t a c t s  o f  
t h e  t o r s o  and head w i t h  t h e  door and r o o f  s t r u c t u r e s .  I n  a d d i t i o n ,  
t h e r e  i s  r e s t r a i n i n g  a c t i o n  o f  t h e  knees and f e e t  by t h e  i n s t r u m e n t  
pane l  as was observed i n  t h e  impact  t e s t  movies.  
The t e s t  movies show p r o d u c t i o n  o f  r o o f  c rush  d u r i n g  t h e  p e r i o d  
between about  700 and 800 mi 1 1 i  seconds. i i gure  10 shows t h e  head o f  t h e  
occupant  w e l l  away f rom t h e  r o o f  d u r i n g  t h i s  p e r i o d .  Movies taken w i t h  
a  veh i c le -moun ted  camera a l s o  do n o t  show ev idence o f  aummy/vehicle 
c o n t a c t  d u r i n g  t h i s  p e r i o d .  
A f t e r  t h e  r o o f  c o n t a c t s  t h e  ground wh i l e  t h e  veh i c 1 e  i s  180 degrees 
i n v e r t e d ,  t h e  v e h i c l e  aga in  becomes a i r b o r n e  w i t h  t h e  occupant  
compartment r o t a t i n g  th rough 270 degrees a t  about  1200 m i l l i s e c o n d s .  
The d r i v e r  door r e s t r a i n s  t h e  occupant  f rom e j e c t i o n  a t  t h i s  p o i n t  and 
r e d i r e c t s  h i s  m o t i o n  toward the  o p p o s i t e  s i d e  o f  t h e  v e h i c l e .  
F i n a l  c o n t a c t s  w i t h  t h e  passenger door occur near t h e  end o f  t h e  
s i m u l a t i o n  when t h e  v e h i c l e  wheels aga in  c o n t a c t  :he ground e s s e n t i a l l y  
s t o p p i n g  t h e  h o r i z o n t a l  m o t i o n  o f  t h e  v e h i c l e .  The d r i v e r  once a g a i n  
moves across  t h e  v e h i c l e  t o  c o n t a c t  t h e  passenger s i d e  s t r u c t u r e .  Seat  
c u s h i o n  f o r c e s  a re  l a r g e  d u r i n g  t h i s  l a s t  i n t e r a c t i o n .  
F i g u r e  1 1  shows v e h i c l e  and occupant  k i n e m a t i c s  f o r  a  second 
computer e x e r c i s e  where over  7 inches o f  r o o f  c rush  a r e  added between 
700 and 800 mi 1 1  iseconds.  Note t h a t  t h e  l o c a t i o n  o f  t h e  head o f  t h e  
occupant  a t  720 and 840 mi 1 I i seconds i s  n o t  near t h e  r o o f .  I t i s  n o t  
u n t i l  a f t e r  9 C O  m i l i i s e c o n d s  t h a t  head c o n t a c t  w i t h  t h e  v e h i c l e  i s  a g a i n  
observed.  Even though t h e r e  a r e  more c o n t a c t s  o f  t h e  head w i t h  t h e  r o o f  
i n  t h e  case o f  r o o f  c r u s h ,  t h e i r  l e v e l  o f  f o r c e  i s  no l a r g e r  than those 
c o n t a c t s  observed when t h e  r o o f  remained i n t a c t .  
1 .4 .  Conc lus ions  
The b a s i c  c o n c l u s i o n  reached d u r i n g  Phase I a c t i v i t y  on t h i s  
p r o j e c t  i s  t h a t  s i m u l a t i o n  i s  a  u s e f u l  t echn ique  f o r  t h e  s t u d y  o f  
l 
am =-a m m r  or a-a 
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r o l l o v e r s .  A l t h o u g h  t w o - d i m e n s i o n a l  t e c h n i q u e s  a r e  l i m i t e d  t o  " pu re "  
r o l l s ,  i t  i s  a n t i c i p a t e d  t h a t  t h r e e - d i m e n s i o n a l  t e c h n i q u e s  w i l l  be  
a p p l i c a b l e  t o  t h e  g e n e r a l  p r o b l e m .  
I n  a d d i t i o n ,  i t  has been  f o u n d  :hat compute r  g r a p h i c s  i s  an 
e x c e p t i o n a l l y  v a l u a b l e  t o o l  f o r  s t u d y  o f  o c c u p a n t  and v e h i c l e  m o t i o n s  i n  
t h e  m i n d - b o g g l i n g  geome t r y  o f  a  r o l l o v e r .  A n i m a t i o n  o f  t h e  r o l l o v e r  
e v e n t ,  s i m i l a r  t o  h i g h  speed impac t  t e s t  m o v i e s ,  i s  v a l u a b l e .  These can  
be  supp lemen ted  w i t h  i n d i v i d u a l  f r ames  f r o m  t h e  dynamic e v e n t  t c  s t u d y  
c o n r a c t  i ~ : e r a c : i o n s  a t  s p e c i f i c  t i m e  =cin:s i n  d e z a i l .  
F i n a l l y ,  i n  o r d e r  t o  u t i l i z e  s i m u l a t i o n  e f f e c t i v e l y ,  p a r t i c u l a r  
a t t e n t i o n  mus t  be  p a i d  t o  t h e  follow in^ i t e m s  i n  p r e p a r i n g  inpc: d a t a :  
- q u a l i t y  d e t a i l e d  a c c i d e n t  d e f i n i t i o n  o r  r e c o n s t r u c t i o n  
- c o r r e l a t i o n  o f  o a s e r v e d  o c c u p a n t / v e h i c l e  c o n t a c t  p o i n t s  w i t h  
i n j u r i e s  
- v e h i c l e  i n t e r i o r  geome t r y  and m a t e r i a l  p r o p e r t y  d e f i n i t i o n  
A l t h o u g h  t h e s e  i t e m s  a r e  i m p o r t a n t  and c r i t i c a l  t o  t h e  success  o f  any 
s i m u l a t i o n  e x e r c i s e ,  i t  s h o u l d  be n o t e d  t h a t  model use  i s  i n e x p e n s i v e  
compared w i t h  f u l l - s c a l e  t e s t s .  As a  r e s u l t ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  
a  r ange  o f  v a l u e s  f o r  p a r a m e t e r s  w h i c h  a r e  n o t  w e l i - d e f i n e d .  T h i s  c z n  
be f o l l o w e d  by m u l t i p l e  e x e r c i s e s  i n  o r d e r  t o  see how chang ing  paramete r  
v a l u e s  a f f e c t s  occupan t  dynam ics .  
2.0 TECHNIQUES F O R  U S E  O F  MVMA 2-0 OCCUPANT 
MOTION M O D E L  I N  SIMULATION O F  ROLLOVERS 
2 . 1 .  D e s c r i p t i o n  o f  Impact Event  
2 .1 .1 .  Data Reau i red  
I n  o r d e r  t o  s i m u l a t e  a  r o l l o v e r  o r  o t h e r  c rash  even t  u s i n g  the  MVMA 
2-0 occupant  m o t i o n  model,  i t  i s  necessary t o  d e f i n e  t h e  i n i t i a l  
l o c a t i o n  and v e l o c i t y  o f  t h e  v e h i c l e  as w e l l  as a  t i m e  h i s t o r y  o f  i t s  
mo t ions .  The s p e c i f i c a t i o n  o f  l o c a t i o n  and v e l o c i t y  r e q u i r e s :  
- d e f i n i t i o n  o f  a  p i a n a r  two-d imens iona l  c o o r d i n a t e  system i n  
wh ich  t h e  v e h i c l e  r o l l  m o t i o n  takes  p l a c e  
- t h e  x -  and z - l o c a t i o n  c f  t h e  v e h i c l e  o r i g i n  w i t h i n  t he  
c o o r d i n a t e  system 
- t h e  i n i t i a l  p i t c h  (o r  t o 1  1) o f  t h e  v e h i c l e  ( 8 )  ,
. - t h e  i n i t i a l  v e l o c i t y  o f  t h e  v e h i c l e  i n  t h e  two t r a n s l a t i o n a l  and 
one r o t a t i o n a l  d i r e c t i o n s  
Seve ra l  i n p u t  d a t a  o p t i o n s  a r e  a v a i l a b l e  f o r  t h e  s p e c i f i c a t i o n  o f  t h e  
m o t i o n  t i m e  h i s t o r y .  These a r e :  
- Data f rom veh ic le -moun ted  x -  and 2 -acce le romete rs  
- A c c e l e r a t i o n  d a t a  f o r  t h e  v e h i c l e  o r i g i n  
- P o s i t i o n  o f  t h e  o r i g i n  as a  f u n c t i o n  o f  t i m e  
- A comb ina t i on  o f  one t r a n s l a t i o n a l  a c c e l e r a t i o n  w i t h  t he  o t h e r  
t r a n s l a t i o n a l  p o s i t i o n  
- Data f rom an x -acce le romete r  r e a d i n g  and a  measured p o i n t  about  
wh ich  t h e  v e h i c l e  r o t a t e s  
These p o s i t i o n  d a t a  must be supplemented b y  angu lar  p o s i t i o n  or 
a c c e l e r a t i o n  as a  f u n c t i o n  o f  t i m e .  
2.1.2. Example Case 
As an example, an i ns t rumen ted  t e s t  o f  a  v e h i c l e  dropped f rom a  
moving d o l l y  was s e l e c t e d  f o r  s i m u l a t i o n .  T h i s  t e s t  i n v o l v e d  a  1973 
Bd ick  wh ich  was r e l e a s e d  f rom t h e  do1 l y  a t  an i n i t i a l  v e l o c i t y  o f  29.6  
mph. H igh speed cameras were p o s i t i o n e d  a long  t h e  cou rse  o f  t he  r o l l  t o  
r e c o r d  g r o s s  v e h i c l e  m o t i o n s .  A camera was a l s o  mounted w i t h i n  t h e  
v e h i c l e  t o  m o n i t o r  t h e  m o t i o n s  o f  t h e  two u n b e l t e d  anthropomorph ic  t e s t  
d e v i c e s  i n  t h e  f r o n t  bench s e a t .  T r i a x i a l  acce le romete r  packs were 
l o c a t e d  on t h e  l e f t  and r i g h t  r o c k e r  pans. 
The mov ies  were rev iewed  t o  a s c e r t a i n  whether t n e  event  q u a l i f i e d  
as a r o l l  i n  wh ich  t h e  m o t i o n  was p redominan t l y  i n  a  p lane ,  A l t hough  
some v e h i c l e  p i t c h i n g  was n o t e d  ( l e s s  than 10 degrees! d u r i n g  t h e  r o l  1 ,  
i t  was conc luded  t h a t  t h e  e v e n t  f a i r l y  w e l l  approx imated the  case o f  a  
pu re  r o l l o v e r .  I t  was a l s o  necessary  t o  r e v i e w  t h e  a n t h r o ~ o m o r p h i c  t e s t  
d e v i c e  m o t i o n s .  The d r i v e r  dummy appeared t o  move w i t h  a p redominan t l y  
p l a n a r  m o t i o n  when v iewed f rom t h e  r e a r .  B a s i c a l l y ,  i t  s l i d  ac ross  t h e  
s e a t  f r om door t o  doo r .  I t  a l s o  r o s 2  t o  c o n t a c t  t h e  r o o f .  The t o r s o  
r o t a t e d  s ideways down toward t h e  s e a t  i n  a d d i t i o n  t o  i t s  b a c k - a n d - f o r t h  
t r a n s l a t i o n a l  m o t i o n .  The f e e t  appeared t o  move f rom s i d e  t o  s i d e  b u t  
were somewhat r e s t r a i n e d  i n  t h e i r  mo t ions  by i n t e r a c t i o n s  w i t h  t h e  f l o o r  
and lower  i n s t r u m e n t  pane l .  
Two o f  t h e  a l t e r n a t i v e  techn iques  ment ioned p r e v i o u s l y  were 
rev iewed f o r  use i n  s p e c i f y i n g  v e h i c l e  p o s i t i o n .  The f i r s t  o f  t hese  
techn iques  used acce le romete r  d a t a  f rom t h e  t e s t .  T F i a x i a l  
acce le romete r  packs mounted i n  t h e  r i g h t  and l e f t  r o c k e r  pans were 
observed t o  r e c o r d  l a t e r a l  and v e r t i c a l  a c c e l e r a t i o n s  which were 
s i g n i f i c a n t l y  l a r g e r  t han  t h e  l o n g i t u d i n a l  v a l u e s .  T h i s  r e f l e c t e d  t h e  
p r e d o m i n a n t l y  r o l l  q u a l i t y  o f  t h e  even t .  The acce lerometer  d a t a  t r a c e s  
wee h a n d - d i g i t i z e d  f o r  t h e  s i m u l a t i o n .  Es t ima tes  o f  acce lerometer  
l o c a t i o n s  were o b t a i n e d  r e l a t i v e  t o  t h e  v e h i c l e  c o o r d i n a t e  system. I n  
o r d e r  t o  supplement t h e  acce le romete r  d a t a  d i t h  t h e  necessary v e h i c l e  
angu la r  ( r o l l )  d a t a ,  t h e  t e s t  f i l m s  weire ana l yzed .  The cameras were 
p o s i t i o n e d  t o  v i e w  t h e  f r o n t  o f  t h e  v e h i c l e  as t h e  r o l l  event  
p rog ressed .  R o l l  a n g l e  was e s t i m a t e d  as t h e  a n g i e  a l i n e  drawn between 
t h e  v e h i c l e  head lamps made w i t h  a  grcrund l i n e .  
These acce le romete r  and a n g l e  da ta  were then  used as i n p u t  t o  t h e  
s i m u l a t i o n .  The r e s u l t i n g  v e h i c l e  mot ion,  based on  i n t e g r a t i o n  o f  t h e  
acce le romete r  d a t a ,  showed t h e  v e h i c l e  r i s i n g  s e v e r a l  hundred inches i n  
a d d i t i o n  t o  i t s  m o t i o n  a l o n g  t h e  ground.  I n  o r d e r  t o  t e s t  t h e  q u a l i t y  
o f  t h e  i n p u t  d a t a  f o r  i s o l a t i o n  o f  t h e  problem, angu la r  mo t ion  and 
a c c e l e r a t i o n  d a t a  va lues  were v a r i e d .  The re  was no s i g n i f i c a n t  change 
i n  t h e  r e s u l t s .  F i n a l l y ,  i t  was observed t h a t  a  1 G a c c e l e r a t i o n  
a p p l i e d  t o  a  mass w i l l  cause i t  t o  f a l l  a p p r o x i m a t e l y  t h e  same amount 
observed i n  t h e  s i m u l a t i o n  r e s u l t s  wh ich  covered a t ime  d u r a t i o n  o f  2000 
m i l l i s e c o n d s .  Review o f  t h e  acce lerometer  t r a c e s  revea led  t h a t  a  1 G 
s i g n a l  was i n  t h e  n o i s e  range o f  t h e  reco rded  s i g n a l  and p robab ly  was 
zeroed o u t  p r i o r  t o  t e s t  i n i t i a t i o n .  Thus t h e  conc lus ions  were reached 
t h a t  t h e  t e s t  d a t a  were reasonab le ,  t h e  s i m u l a t i o n  worked p r o p e r l y ,  and 
another  v e h i c l e  m o t i o n  i n p u t  da ta  techn ique  shou ld  be exp lo red .  
The second techn ique  supplemented t h e  angu la r  r o i l  d a t a  w i t h  
v e h i c l e  p o s i t i o n  d a t a  measured d i r e c t l y  f r om t h e  t e s t  movies.  The 
p o s i t i o n  a l o n g  t h e  d i r e c t i o n  o f  r o l l  ( b o t h  h o r i z o n t a l  and v e r t i c a l )  o f  
t h e  c e n t e r  o f  a  l i n e  c o n s t r u c t e d  between t h e  headlamps was chosen as t h e  
v e h i c l e  p o i n t .  The l o c a t i o n  o f  t h i s  p o i n t  i n  a  c o o r d i n a t e  system 
a t t a c h e d  t o  t h e  H - p o i n t  was e s t i m a t e d  t o  spec i ' y  occupant  compartment 
p o s i t i o n  as a  f u n c t i o n  o f  t ime.  The r e s u l t i n g  d a t a  a r e  shown i n  F igu res  
5 ,  6 ,  and 7 .  These curves  were rep resen ted  by a  subset  o f  p o i n t s  f o r  
use i n  t h e  i n p u t  d a t a  s e t .  Some i n a c c u r a c i e s  a r e  i n h e r e n t  i n  these da ta  
due t o  t h e  l a c k  o f  a  c o r r e c t i o n  f o r  non-p lanar  v e n i c l e  r o c k i n g  ( p i t c h )  
mo t ions .  I t  was n o t  p o s s i b i e  t o  measure t h i s  c o r r e c t i o n  w i t h o u t  
a d d i t i o n a l  t h ree -d imens iona l  camera coverage.  I t  was found t h a t  t he  
d i s t a n c e  a l o n g  t h e  ground over wh ich  t h e  r o l l  took p l a c e  was s i m i l a r  f o r  
b o t h  t h e  i n t e g r a t e d  acce lerometer  d a t a  and t h e  measurements f rom the  
movies.  T h i s  lends  some c r e d i b i l i t y  t o  t h e  c o n c l u s i o n s  b o t h  about  t h e  
need f o r  a  g r a v i t y  c o r r e c t i o n  and t h e  i n t e g r a t e d  and d i g i t i z e d  v e h i c l e  
r e s t i n g  p o s i t i o n  a t  2000 m i l l i s e c o n d s .  
2 .1 .3 .  Conc lus ions  and Recommendations f o r  t h e  User 
Three key c o n c l u s i o n s  and recommendations have been e x t r a c t e d  f rom 
t h e  p r e v i o u s  two s e c t i o n s .  
1. I n  s p e c i f y i n g  t h e  v e h i c l e  resDonse, t h e  user shou ld  deve lop  
p o s i t i o n  d a t a  u s i n g  f i l m  coverage whenever p o s s i b l e .  
2 .  I f  acce le romete r  d a t a  a r e  t o  he used, t h e  1 G v e r t i c a l  
a c c e l e r a t i o n  shou ld  be removed f rom t h e  r e s u l t a n t  s i g n a l  by removing t h e  
a p p r o p r i a t e  f r a c t i o n  f rom t h e  components based on v e h i c l e  angu la r  
o r i e n t a t i o n  as a  f u n c t i o n  o f  t ime .  
3 .  Befo re  a  s i m u l a t i o n  u s i n g  t h e  MVMA 2 - D  occupant  mo t ion  model i s  
a t t emp ted ,  a  d e c i s i o n  must be made, based on r e v i e w  o f  a c c i d e n t  
i n v e s t i g a t i o n  o r  t e s t  da ta ,  on whether t h e  event  can be rep resen ted  by a  
two-dimensional  s i m u l a t i o n .  
2.2.  D e s c r i ~ t i o n  o f  B a s e l i n e  Occupant 
The s t a r t i n g  p o i n t  f o r  d e j ~ e i o p i n g  a  d e s c r i p t i o n  o f  t h e  occupant  was 
t h e  b a s e l i n e  deve loped f o r  s i d e  impact  s i m u l a t i o n s  under an MVMA p r o j e c t  
e n t i t l e d  " B a s e l i n e  Data f o r  D e s c r i b i n g  Occupant S ide  Impacts and 
P e d e s t r i a n  F r o n t  Impacts i n  Two Dimensions ' '  (See Reference 1) . T h i s  was 
based on an e a r l i e r  t h ree -d imens iona l  occupant  l i n k a g e  deve loped f o r  use 
w i t h  t h e  Calspan 3-D CVS (Reference 2) . F i g u r e  2 shows a  s i d e  v iew  o f  
t h e  o r i g i n a l  t h ree -d imens iona l  occupant  w h i l e  F i g u r e  3 shows a  r e a r  v i e w  
w i t h  t h e  l i n k a g e  p r o j e c t e d  i n t o  t h e  v e r t i c a i - l a t e r a l  v e h i c l e  p lane .  
F i g u r e  4 shows t h e  occupant ,  c o n f i g u r e d  f o r  MVMA 2-0 Ese, i n  t h e  v e h i c l e  
p r i o r  t o  i n i t i a t i o n  o f  t h e  r o l l o v e r  e v e n t .  The occupant  o u t l i n e  and 
l i n k a g e  a r e  v e r y  s i m i l a r  t o  t h e  th ree -d imens iona l  case.  The p r imary  
d i f f e r e n c e s  a re  l ack  o f  a  r i g h t  arm and lumping t o g e t h e r  o f  t h e  l e f t  and 
r i g h t  l e g  masses. 
The numer ica l  va lues  f o r  q u a n t i t i e s  such as segment mass, moment o f  
i n e r t i a ,  p o s i t i o n  i n  space, e l l i p s e  axes,  l i n k  ang les ,  and j o i n t  
p r o p e r t i e s  a r e  g i v e n  i n  T a b l e  1 wh i ch  i s  a  l i s t i n g  o f  t h e  b a s e l i n e  
r o l l o v e r  d a t a  s e t .  The P a r t  572 d a t a  s e t ,  deve loped a t  Calspan and 
s u p p l i e d  w i t h  t h e  Calspan CVS V e r s i o n  20, was used as t h e  i n i t i a l  b a s i s  
f o r  t h e  occupant  used i n  t h e  r o l l o v e r  s i m u l a t i o n s .  
The two types  o f  changes t o  t h e  occupant  d a t s ,  wh ich  were made i n  
t h e  process o f  deve lop ing  s i m u l a t i o n s  wh ich  y i e l d e d  r e s u l t s  
q u a l i t a t i v e l y  s i m i l a r  t o  t hose  observed i n  f u l l  s c a i e  r o l l o v e r  t e s t s ,  
i n v o l v e d  m o d i f i c a t i o n s  t o :  
- t h e  number c f  o c c u p a n t / v e h i c l e  c o n t a c t s  a l l o w e d  
- t h e  j o i n t  s t i f f n e s s  p r o p e r t i e s  
R O L L 5  
3 0 - 2 0 :  REAR V I E W  OF D R I V E R  
1. -40. 32. 174 .0001 0. 2000. 
0. 0. 0. 0. 0. 0. 
.2 .02 600. 500. 30. .05 
H E A D  WINDOW 
HE A 0  HEADER 
t iE  A 0  DOOR 
t t E A 0  P .  WINDOW 
HE A 0  P . H E A D E R  
HE  A 0  P . DOOR 
FIE A 0  ROOF 
H E A D  P . ROOF 
U P P E R  TORSO ROOF 
U P P E R  TORSO P . DOOR 
U P P E R  TORSO S E A T  C U S H I O N  
U P P E R  TORSO P .ROOF 
U P P E R  TORSO DOOR 
LOWER TORSO ROOF 
LOWER TORSO P . ROOF 
LOWER TORSO S E A T  C U S H I O N  
LOWER TORSO H I P  P A N E L  
LOWER TORSO P . H I P  P A N E L  
R I C t l T  U P P E R  L E G  S E A T  C I J S H I O N  
R I C t f T  FOOT F L O O R  
L E F T  U P P E R  L E G  S E A T  C U S H I O N  
L E F T  U P P E R  L E G  DOOR 
R ICCIT  U P P E R  L E G  P .DOOR 
L E F T  FOOT FLOOR 
L E F T  FOOT DOOR 
R I G H T  FOOT P .DOOR 
R I G H T  FOOT ROOF 
R I G H T  FOOT P .ROOF 
L E F T  FOOT LOW D A S H  
R I G H T  FOOT ' LOW D A S H  
L E F T  U P P E R  ARM DOOR 
L E F T  LOWER ARM DOOR 
0 .  0. 0. 0. 0. 0. 
0. 0. 0. 0. 0. 0. 
1 .  1 .  0. 0. 0. 0. 
1 .  1. 0. 0. 0. 1 .  
0 .  0. 1 0. 0. 0. 
I . iEAO 1 .  1 .  
H E A D  0 .  0. 4.4897 3 .  1 
U P P E R  TORSO THORAX M A T E R I A L  2. 1 .  
U P P E R  TORSO 0. 0. 4.8320!5 6.78 
C E N T E R  TORSO THORAX M A T E R I A L  3 .  1. 
C E N T E R  TORSO -1.9563 0. 6.876313 6 . 3 5  
LOWER TORSO 4. 1 .  
ILUWER TORSO 0 .  0.  7 . 1 3 3 9  6.91 
L E F T  U P P E R  L E G  5. I .  
L E F T  U P P E R  L E G  ,781836 -1.15 , 3.72875 3.74 
L E F T  LOWER L E G  6 ,  1 .  
L E F T  LOWER L E G  -.36106 1.45 7.33778 2.23 
L E F T  FOOT 6 .  1 . 
L E F T  FOOT 7 . 3  4.45 2 .  1 . 8  
R I G I i T  U P P E R  L E G  5. 1. 
R I G H T  U P P E R  L E G  ,781836 1.15 3.7287!3 3.74 
R I G t i T  FOOT 6 .  1 .  




































































T A B L E  1 .  B A S E L I N E  ROLLOVER DATA S E T  ( P A G E  3 OF 4 ) .  
DOOR MATERIAL 0 .  0 .  
FLOOR MATERIAL 0 .  0 .  
SEAT MATERIAL 0 .  0.  
GLASS MATERIAL 0. 0.  
PANEL MATERIAL 1 .  
P ILLAR MATERIAL 1 .  
DOOR MATERIAL 1 .  
FLOOR MATERIAL 1 .  
SEAT MATERIAL 1 .  
GLASS MATERIAL 1 .  
GRRATIO - 1 .  0 .  
GRRATIO - 1 .  1 .  
PANEL 0.  0.  
PANEL 3 .  3 0 0 0 .  
PANEL 4 .  13000 .  
PILLAR - 1 .  4 0 0 0 .  
ODOR - 1 .  1000. - 5 6 2 . 5  
FLOUR - 1 .  OGO. 
SEAT 0 .  0 .  
SEAT 2.58 103.  
SEAT 1 .  1 0 0 .  
SEAT 5 .  1000. 
SEAT 5 . 5  2 0 0 0 .  
GLASS - 1 .  10000 .  
ZERO - 1 .  0. 
ROOF EDGE L INE ROOF 
ROOF L INE ROOF 
HEADERLINE HEADER 
DOOR S I L L  L I N &  DOOR S I L L  
B-P ILLAR L INE B-PILLAR 
H I P  PANEL L INE H I P  PANEL 
WINDOW L INE WINDOW 
DOORL I NE DOOR 
P.ROOF EDGE LINEP.ROOF 
P.ROOF L INE P . ROOF 
P . l iEADERLINE P .HEADER 
P.DOOR S I L L  LINEP.DOOR S I L L  
LOW DASIi LOW DASH 
P . 0 - P I L L A R  L INE P .O-P ILLAR 
P . H I P  PANEL L I N E P . H I P  PANEL 
P.WlNDOW L I N F  P.WINOOW 
r LWURI-INE P . DOOR 
r I,O[II?I I NF r I  no^ 
' i I y A T  C11S111ON I N .  S E A T  CIJSCIION 
ROOF EDGE L INE 4 .  
ROOF L l N E  4 . 
IIEAOERL INE 11 . 
DOOR S I L L  L INE 1 .  
0 -P ILLAR L INE 4 .  
t I I P  PANEL L INE 1 .  
WINDOW L INE 1 
OOORL I NE 1 .  
P .  ROOF EDGE LINE(!. 
P.ROOF L INE 4 .  
P . ttEADERLINE 4 .  
P.DDOR S I L L  L I N E 1 .  
LOW DASH 1 .  
P . R - P I L L A R  L INE 4 .  
P . H I P  PANEL L I N E I .  
P.WINDOW L INE 1.  
P.DOORLINE 1 .  
F LOORL INE 1 .  
SEAT CUSHION L N . 1 .  
ROOF EDGE L INE 0 .  - 8 . 8 5 4  
ROOF EDGE L INE 1271 .  - 8 . 8 5 4  























2 5 0 0 .  
0.  
GRRATIO 
GRRAT 10  
GRRAT I 0  
GRRA T I 0  
GRRAT I 0  
GRRATIO 
T A B L E  1 . B A S E L I N E  ROLLOVER DATA SET (PAGE 4 OF 4 ) .  
ROOF EDGE LINE 1800. 
ROOF LINE 0. 
ROOF LINE 127 1 .  
ROOF LINE 1600. 





DOOR SILL LINE - 1 .  
B-PILLAR LINE 0. 
B-PILLAR LINE 1271. 
8-PILLAR LINE 1600. 
B-PILLAR LINE 1800. 
HIP PANEL LINE - 1 .  
WINDOW LINE - 1 .  
DOORLINE - 1 .  
P.ROOF EDGE LINEO. 
P.ROOF EDGE LINEl271. 
P. ROOF EDGE LINE 1600. 
P.ROOF EDGE LINE1800. 
P.ROOF LINE 0. 
P.ROOF LINE ' 1271. 
P.RUOF LINE 1600. 
P.ROOF LINE 1800. 
P .l-IEADERLINE 0. 
P. 1,IEADERLINE 1271. 
P.HEA0ERLINE 1 600. 
P.HEADERLINE 1 800. 
P.DOOR SILL LINE-!. 
LOW DASH - 1 .  
P.8-PILLAR LINE 0. 
P.0-PILLAR LINE 1271. 
P.0-PILLAR LINE 1600. 
P.B-PILLAR LINE 1800. 
P.HIP PANEL LINE-1. 
P.WINDOW LINE - 1 .  
P.DOORLINE - 1 .  
FLOORLINE - 1 .  
SEAT CUSHION LN.-1. 
1 ,  1 .  .05 
0. 43.4 -45.58 
13 .  0. 
0. 0. 200. 
800. 344.24 1000. 
1550. 536.24 1620. 
2000. 607.03 
20. 0. 
0. -45.58 40. 
295 -35.88 360. 
700. -51.39 780. 
1120. -12.61 1185. 
1725. -10.76 1785. 
14. 2. , 1875 
0. -28.5 40. 
275. -38. 355. 
1360. -305. 1430. 
1870. -379 2000. 
The p r i m a r y  a d d i t i o n s  t o  v e h i c l e  components we re  r o o f  s t r u c t u r e s ,  
c o n t a c t  s u r f a c e s  on  t h e  passenger  s i d e  o f  t h e  v e h i c l e ,  and a  lower  
i n s t r u m e n t  p a n e l .  I n  o r d e r  t o  c o n t a i n  t h e  o c c u p a n t  w i t h i n  t h e  v e h i c l e ,  
i t  was necessa ry  t o  a l l o w  mos t  body segments t o  c o n t a c t  mos t  v e h i c l e  
components .  The c o n t a c t s  w h i c h  were added t o  t h e  b a s e i i n e  s i d e  impac t  
d a t a  s e t  i n c l u d e :  
- head (passenger  window,  passenger  h e a d e r ,  passenger  d o o r ,  r o o f ,  
passenger  r o o f )  
- cppe r  t o r s o  ( r o o f ,  passenger  d o o r ,  s e a t  c u s h l ~ ~ ,  passenger  r o c f )  
- lower  t o r s o  ( r o o f ,  passenger  r o o f ,  passenger  h i p  p a n e ? )  
- l e f t  upper  l e g  ( doo r  r e p l a c e s  h i p  p a n e l )  
- r i g h t  uppe r  l e g  (passenger  d o o r )  
- l e f t  f o o t  (door  r e p l a c e s  s i l l ,  l o w e r  i n s t r u m e n t  p a n e l !  
- r i g h t  f o o t  (passenger  d o o r ,  r o o f ,  passenger  r o o f ,  l ower  
i n s t r u m e n t  p a n e l )  
I t  s h o u l d  a l s o  be  n o t e d  t h a t  B - p i l l a r  and doo r  s i l l  c o n t a c t s  have been 
d e i e t e d .  
One o f  :he new c o n t a c t s  i s  s p e c i f i e d  t o  be  be tween t h e  f e e t  and t h e  
lower  i n s t r u m e n t  p a n e l .  The r e a s o n  f o r  t h i s  c o n t a c t  i s  oased on  
compar isons  between t h e  r e s u l t s  o f  e a r l y  a t t e m p c s  a t  r o l l o v e r  s i m u l a t i o n  
and t h e  d o l l y  r o l l o v e r  t e s t  d i s c u s s e d  e a r 1 T e r .  I n  t h e  t e s t s  t h e  l e g s  
and f e e t  were  obse rved  t o  r e m a i n  under  t h e  i n s t r u m e n t  p a n e l ,  pe rhaps  
b e i n g  t r a p p e d .  I n  t h e  e a r l y  s i m u l a t i o n s  t h e  o c c u p a n t  l i t e r a l l y  d i d  
c a r t w h e e l s  w i t h i n  t h e  v e h i c l e  w h i l e  b o u n c i n g  f r o m  c o n t a c t  t o  c o n t a c t .  
The f o o t / l o w e r  i n s t r u m e n t  pane i  c o n t a c t  was i n s e r c e d  t o  l i m i t  m o t i o n  o f  
t h e  l o ~ e r  e x t r e m i t i e s  t o  t h e  lower  p o r t i o n  o f  t h e  v e h i c l e .  T h i s  
r e s u l t e d  i n  d r a m a t i c  improvements i n  s i m u i a t e d  occLpan t  m o t i o n  when 
compared w i t h  t h e  r o l l o v e r  t e s t  mov ies .  
Based on  r e s u l t s  g e n e r a t e d  i n  e a r l y  r o l l o v e r  e x e r c i s e s ,  i t  became 
c l e a r  t h a t  work was r e q u i r e d  on t h e  j o i n t  p r o p e r z i e s .  E a r l y  r e s u l t s  
showed c o n s i d e r a b l e  o s c i l i a t i o n  be tween a d j a c e n t  OoCy segments 
d e m o n s t r a t i n g  t h a t  ene rgy  a b s o r p t i o n  was l a c k i n g .  A l s o ,  due t o  t h e  
l a r g e  m o t i o n s  w h i c h  t o o k  p l a c e  between segments,  w e l l - d e f i n e d  j o i n t  
s tops  were r e q u i  r e d .  Changes t o  t h e  d a t a  cards  numbered 205-216 
i nc luded :  
- a d d i t i o n  o f  non-zero l i n e a r  s p r i n g  c h a r a c t e r i s t i c s  t o  knee, 
shou lde r ,  and elbow j o i n t s  
- a d d i t i o n  o f  q u a d r a t i c  j o i n t  s t o p  c h a r a c t e r i s t i c s  t o  a l l  body 
j o i n t s  
- a d d i t i o n  o f  f r i c t i o n a l  r e s i s t a n c e  t o  a l l  j o i n t s  
These a d d i t i o n s  and changes ensured mode! o p e r a t i o n .  I n  o r d e r  t o  t a i l o r  
t h e  occupant  k i n e m a t i c s  t o  mimic impact  t e s t s  o r  a c c i d e n t  r e s u l t s ,  i t  i s  
expected t h a t  c o n s i d e r a b l e  a d d i t i o n a l  !work w i l l  be r e q u i r e d  i n  each 
i n d i v i d u a l  r o l l o v e r  case t o  assu re  reasonab le  and r e a l i s t i c  r e s u l t s .  
2 . 3 .  D e s c r i p t i o n  o f  B a s e l i n e  V e h i c l e  
I n  t h e  o r i g i n a l  b a s e l i n e  d a t a  s e t  wh ich  was deve loped f o r  use i n  
s ide .  impact s i m u l a t i o n s ,  t h e  f o l l o w i n g  c o n t a c t  s u r f a c s s  were a n t i c i p a t e d  
t o  be i nvo l ved :  
- seat  c u s h i o n  
- f r o n t  door s i l l  r e g i o n  ( f o o t / l o w e r  l e g  c o n t a c t )  
- door panel  lower r e g i o n  ( h i p  atid upper l e g  c o n t a c t )  
- door panel  upper r e g i o n  (head c o n t a c t )  
- window pane l  (head c o n t a c t )  
- door header (head c o n t a c t )  
- f l o o r  ( f o o t  c o n t a c t )  
- B-pi 1 ! a r  (head c o n t a c t )  
As d i scussed  i n  S e c t i o n  2 . 2  t h e  number o f  c o n t a c t  su r faces  was expanded 
t c  t h e  comple te  s e t  used f o r  r o l l o v e r  s i m u l a t i o n  shown i n  F i g u r e  1 2 .  
Measurements o f  v e h i c l e  i n x e r i o r  h e i g h t  and w i d t h  h e r e  used t o  deve lop  
l o c a t i o n s  f o r  t h e  r o o f  and passenger s i d e  c o n t a c t  s u r f a c e s .  
The f o r c e - d e f l e c t i o n  c h a r a c t e r i s t i c  curves  gove rn ing  i n t e r a c t i o n s  
between t h e  occupant  and t h e  v e h i c l e  have been d e r i v e d  f rom a  v a r i e t y  o f  
sources  as d i scussed  i n  Reference 1 .  Some a re  based on i d e a l i z e d  
v e h i c l e  component t e s t s .  Others  a r e  h y p o t h e t i c a l  e s t i m a t e s  chosen t o  
P. ROOF ROOF 
- ROOF EDGE 
B - P I L L A R  
= DOOR 
FLOOR 
S E A T  C U S H I O N  
LOWER I N S T R U M E N T  P A N E L  
*THE L E T T E R  " P "  REFERS TO PASSENGER S I D E  O F  V E H I C L E .  
F I G U R E  1 2 .  V E H I C L E  I N T E R I O R  CONTACT SURFACES ( V I E W  FROM F R O N T ) .  
f i l l  v o i d s  i n  t h e  a v a i l a b l e  d a t a .  A l l  a r e  i n tended  t o  be t r e a t e d  as 
b a s e l i n e  d a t a  wh ich  shou ld  be  r e p l a c e d  when measured d a t a  a r e  a v a i l a b l e  
f o r  use i n  a c t u a l  r o l l o v e r  s t u d i e s .  The o n l y  c u r v e  wh ich  was m o d i f i e d  
f o r  t h i s  s t u d y  was t h e  f o r c e - d e f l e c t i o n  p y o p e r t y  o f  t h e  s e a t  cush ion  
(Card 407 i n  t h e  i n p u t ) .  The o r i g i n a l  b a s e l i n e  f o r  s i d e  impact  was n o t  
d e f i n e d  s u i t a b i y  f o r  t h e  l a r g e r  d e f l e c t i o n s  genera ted  by t h e  occupant  
d u r i n g  t h e  r o l l o v e r .  The new c u r v e  p r o v i d e s  f o r  c o n s i d e r a b l e  seat  
c u s h i o n  s t i f f e n i n g  when t h e  s e a t  d e f l e c t i o n  exceeds 4 i nches .  
The 411  c a r d s  i n c l u d e d  i n  t h e  Tab le  1 b a s e l i n e  a a t t  s e t  a re  s e t  up 
t o  show t h e  f o r m a t  f o r  i n c l u d i n g  r o o f  c rush ,  I n  many cases ( r o o f  edge 
l i n e ,  f o r  example) ,  f o u r  t i m e  p o i n t s  a r e  i n c l u d e d  (O., 1271., 16OO., 
1800. ms) f o r  s p e c i f i c a t i o n  o f  t h e  l o c a t i o n  o f  t h e  c o n t a c t  s u r f a c e  
e n d p o i n t s .  As t h e  l o c a t i o n  o f  these e n d p o i n t s  does n o t  change f rom one 
t i m e  t o  t h e  n e x t ,  no i n t r u s i o n  i s  i n c l u d e d  f o r  t h i s  b a s e l i n e  example. 
More t i m e  p o i n t s  can be i n s e r t e d  i f  a  complex m o t i o n  i s  d e s i r e d ,  o r ,  i n  
t h i s  case o f  no i n t r u s i o n ,  one t i m e  p o i n t  c a r d  wou ld  have been 
s u f f i c i e n t  as i n  t h e  case w i t h  c o n t a c t  s u r f a c e s  such as door s i l l ,  h i p  
p a n e l ,  window, doo r ,  e t c .  
The o n l y  o t h e r  change t o  t h e  b a s e l i n e  deve loped f o r  s i d e  impact was 
t h e  a d d i t i o n  o f  c o n t a c t  f r i c t i o n  between body segments znd i n t e r i o r  
components. I t  was observed t h a t  f r i c t i o n  can have a  r ~ j o r  e f f e c t  on 
occupant  k i n e m a t i c s  and energy  a b s o r p t i o n  d u r i n g  t h e  r o ' o v e r  even ts .  
The e f f e c t  i n v o l v e s  t h e  t i m e  phas ing  o f  c o n t a c t s .  I n  o;?ec words a  
c o n t a c t  where an e l l i p s e  s l i d e s  i n t o  a  s u r f a c e  w i t h  f r i c  .isJr' w i l l  s l i d e  
o f f  more s l o w l y  t h a n  wou ld  be t h e  case i n  a  c o n t a c t  wi th,  a f r i c t i o n l e s s  
s u r f  ace. 
2 . 4 .  Model O p e r a t i o n  and R e s u l t s  
Up t o  t h i s  p o i n t  i n  t n e  r e p o r t ,  t h e  d i s c u s s i o n  has been 
c o n c e n t r a t e d  p r i m a r i l y  on  t h e  p h y s i c a l  p rob lem and t n e  generc i , i on  o f  an 
i n p u t  d a t a  s e t  d e s c r i b i n g  t h e  r o l l o v e r  c rash  even t ,  t h e  v e h i c l e ,  and t h e  
occupant .  I t  remains t o  d i s c u s s  model o p e r a t i o n  and t h e  v a r i  !!;+ o f  
r e s u l t s  wh ich  a r e  and can be genera ted .  
2.4 .1 .  i n t e q r a t i o n  Time Steps 
I n  t h e  i n i t i a l  phases o f  t h i s  p r o j e c t ,  a  t ime s t e p  o f  5 
m i l l i s e c o n d s  was chosen because o f  t h e  r e l a t i v e l y  l ong  d u r a t i o n  o f  t h e  
even t  (2000 m i l l i s e c o n d s  o r  more) and t h e  r e l a t i v e l y  low G ' s  expe r ienced  
by t h e  v e h i c l e  i n  a  r o l l o v e r ,  I n  a c t ~ ~ a l  f a c t  however, as no ted  i n  
S e c t i o n  l . j ,  t h e  occupant  expe r iences  a  s e r i e s  o f  aynamic i n t e r a c t i o n s  
w i t h  t h e  v e h i c l e ,  each o f  wh ich  may be as severe as t h e  s i n g l e  
i n t e r a c t i o n  o f  an occupant  w i t h  t h e  i r l t e r i o r  s t r u c t u r e s  i n  a  f r o n t a l  
b a r r i e :  c r a s h .  Because o f  r n i s ,  i t  was necessary t o  reduce s t e p  s i z e  :o 
0 .5  m i l l i s e c o n d s ,  wh ich  i s  a  t y p i c a l  v a l u e  used f o r  most s i m u l a t i o n s .  
As t h e  r e s u l t  o f  t h e  smal l  i n t e g r a t i o n  t ime s tep ,  some problems 
w i t h  MVMA 2-D Vers ;on  3 i n f o r m a t i o n  s t o r a g e  c a p a b i l i t i e s  were observed.  
A f f e c t e d  a r e  s t o r a g e  o f  head and c h e s t  r e s u l t a n t  a c c e l e r a t i o n  d a t a  which 
i s  l i m i t e d  t o  2000 t i m e  p o i n t s .  C o m p ~ i t a t i o n s  o f  H I C  and s e v e r i t y  index 
a re  n o t  p o s s i b l e  w i t h o u t  i n c r e a s i n g  d imens ion  s i z e s  i n  t h e  OUT processor  
t o  a l l o w  f o r  xhese compu ta t i ons .  T h i s  change i s  s imp le  t o  make b u t  w i l l  
i n c r e a s e  MVMA 2-D r u n  c o s t .  
2.4.2.  Tabu la r  O u t ~ u t  
The t a b u l a r  o u t p u t  wh ich  i s  a v a i l a b l e  from the  MVMA 2-D model 
i n c l u d e s  most u s e f u l  p h y s i c a l  v a r i a b l e s  d e s c r i b i n g  b o t h  t h e  occupant  and 
v e h i c l e  as f u n c t i o n s  o f  t ime .  Computed r e s u l t s  a re  s t o r e d  by t h e  G O  
p rocesso r  a t  user  o p t i o n  by means o f  v a r i a b l e  c a t e g o r i e s  d e f i n e d  on 
i n p u t  d a t a  ca rds  107-113. These c a t e g o r i e s  may be p r i n t e d  by t h e i r  
i n c l u s i o n  i n  a l i s t  c o n t a i n e d  on Cards 1001 and 1002 wh ich  a r e  used by 
t h e  OUT p r o c e s s o r .  P r i n t e r  p l o t s  o f  s t i c k  f i g u r e  g r a p h i c s  as a  f u n c t i o n  
o f  t i m e  a r e  i n c l u d e d  i n  t h i s  s p e c i f i c a t i o n .  
T a b l e  2 i s  a  l i s t  o f  t h e  v a r i a b l e  c a t e g o r i e s  which were a c t u a l l v  
i n c l u d e d  i n  t h e  o u t p u t  t a b u l a t i o n s  f o r  t h e  b a s e l i n e  r o l l o v e r  
s i m u l a t i o n s .  T h i s  l i s t  i s  an index t o  t h e  page i n  t h e  o u t p u t  p r i n t e r  
where each v a r i a b l e  i s  l o c a t e d .  The q u a n t i t i e s  i n c l u d e :  
- body j o i n t  c o o r d i n a t e s  and v e l o c i t i e s  
- 1 i  nic ang 1 es , ve 1 oc i t i  es, and a~cce 1 e r a i  i*ons 
- f o r c e s  and moments on body segments 
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- head and c h e s t  c e n t e r  o f  g r a v i t y  m o t i o n  
- c o n t a c t  f o r c e s  between occupant  and v e h i c l e  
- j o i n t  r e l a t i v e  ang les  and to rques  
- e n e r g i e s  
- f o r c e s  a t  neck and shou lder  
- v e h i c l e  response 
- a c c e l e r a t i o n s  
- s t i c k  f i g u r e s  
A p r i n t o u t  f o r  an e n t i r e  r o l l o v e r  r u n  i s  i n c l u d e d  as t h e  Appendix t o  
t h i s  r e p o r t .  
2.4.3.  Sample R e s u l t s  D e r i v e d  f rom B a s e l i n e  R o l l o v e r  Output  
A sample o f  r e s u l t s  f rom t h e  b a s e l i n e  r o l l o v e r  e x e r c i s e  i s  
p r e s e n t e d  i n  t h i s  s e c t i o n .  These i n c l u d e  q u a n t i t i e s  o f  i n t e r e s t  such as 
c o n t a c t  i n t e r a c t i o n s  o f  v a r i o u s  body segments w i t h  t h e  v e h i c l e  i n t e r i o r ,  
head a c c e l e r a t i o n s ,  and f o r c e s  on t h e  neck a t  t h e  head. Many o t h e r  
q u a n t i t i e s  a r e  a v a i l a b l e  f o r  s i m i l a r  p r e s e n t a t i o n  and a n a l y s i s .  
F i g u r e s  8,  9,  13,  and 14 show t h e  f o r c e s  p r e d i c t e d  f o r  many o f  t h e  
occupant  i n t e r a c t i o n s  w i t h  t h e  v e h i c l e  i n t e r i o r .  These p l o t s  were 
assembled f rom s e v e r a l  o f  t h e  c o n t a c t  f o r c e  t a b l e s  c o n t a i n e d  i n  t h e  
p r i n t o u t .  Ove r lay  c a p a b i l i t i e s  wou ld  be  r e q u i r e d  i n  a  computer g r a p h i c s  
system t o  c o n s t r u c t  t h e  same p l o t s .  The f i r s t  i n t e r a c t i o n  takes  p l a c e  
a t  about  200 m i l l i s e c o n d s  w i t h  t h e  v e h i c l e  and occupant  i n  f r e e f a i l .  
The occupant  i s  f o r c e d  toward  the  r o o f  by t h e  r e l e a s e  o f  t h e  compression 
f o r c e  caused by t h e  d r i v e r  s i t t i n g  on  t h e  s e a t  cush ion .  D u r i n g  t h e  
p e r i o d  o f  400-600 m i l l i s e c o n d s ,  t h e  v e h i c l e  i s  i n t o  i t s  f i r s t  r o l l .  
There  a r e  a  v a r i e t y  o f  i n t e r a c t i o n s  o f  t h e  d r i v e r  w i t h  t h e  passenger 
door and r o o f  s t r u c t u r e s .  R e s t r a i n i n g  a c t i o n  o f  t h e  lower i n s t r u m e n t  
pane l  i s  a l s o  e v i d e n t .  The v e h i c l e  i s  a i r b o r n e  a t  about 1200 
mi 1 1  i seconds w i t h  t h e  d r i v e r ' s  door toward  t h e  ground (one 360' r o l l  
a lmos t  c o m p l e t e ) .  The v e h i c l e  cen te r  o f  g r a v i t y  has r i s e n  t o  i t s  
maximum p o i n t  as t h e  r e s u l t  o f  t h e  ground i n t e r a c t i o n  l e a v i n g  t h e  d r i v e r  
i n  c o n t a c t  w i t h  t h e  door s t r u c t u r e s  on t h e  d r i v e r ' s  s i d e  o f  t h e  v e h i c l e .  
Due t o  t h e  f o r c e  o f  t h i s  i n t e r a c t i o n ,  most  o f  t h e  r e m a i n i n g  i n t e r a c t i o n s  
a r e  w i t h  t h e  p a s s e n g e r ' s  s i d e  as t h e  v e h i c l e  e n t e r s  t h e  end o f  t h e  one- 
and one -qua r te r  r o l l  e v e n t .  F i g u r e  15 shows t h e  r e s u l t a n t  a c c e l e r a t i o n  
a t  t h e  head c e n t e r  o f  g r a v i t y .  As expec ted ,  t h e  peaks co r respond  w i t h  
t h e  peaks i n  c o n t a c t  f o r c e .  The one e x c e p t i o n  i s  t h e  peak s h o r t l y  
b e f o r e  1200 m i l l i s e c o n d s  wh ich  i s  t r a n s m i t t e d  t o  t h e  head as t h e  r e s u l t  
o f  t h e  i n t e r a c t i o n  o f  t h e  t o r s o  w i t h  t h e  d r i v e r  d o o r .  
F i g u r e  16, 17 ,  and 18 show t h e  shear and compress ive  f o r c e s  on t h e  
neck a t  the  head as de !  l as t h e  moment e x e r t e d  i n  t h e  r e p i o n  of t h i s  
j u n c t i o n .  I t  shou ld  be  no ted  t h a t  t h e r e  i s  more o f  a  c o r r e l a t i o n  
between shear f o r c e  and moment than between e i t h e r  o f  t hese  q u a n t i t i e s  
and compressive f o r c e .  T h i s  i m p l i e s  (as can be v a l i d a t e d  by r e v i e w i n g  
occupant  k i n e m a t i c s  d i s p l a y s  such as F i g u r e  10) t h a t  t h e  f o r c e s  shown i n  
F i g u r e  8 a r e  appl  i  ed more toward t h e  s  i d e  o f  t h e  head. I n  t hese  cases 
t h e  occupant  i s  p o s i t i o n e d  more o r  l e s s  u p r i g h t  as he i n t e r a c t s  w ; t h  
door and r o o f  s t r u c t u r e s  near t h e  s i d e  o f  t h e  v e h i c l e .  The e f f e c t  o f  a  
v e r t e x  c o n t a c t  i s  shown i n  F i g u r e  17  f o r  t h e  r o o f  c o n t a c t  a t  about  200 
m i l l i s e c o n d s  wh ich  r e s u l t s  as t h e  occupant  r i s e s  n e a r l y  s t r a i g h t  up f r o m  
t h e  sea t  cush ion .  The re  i s  v i r t u a l l y  no shear f o r c e  o r  moment on t h e  
neck d u r i n g  t h i s  c o n t a c t .  A l though t h e  q u a l i t y  o f  t h e  a c t u a l  p r e d i c t e d  
numer ica l  v a l u e s  f o r  t h e  neck v a r i a b l e s  depends v e r y  s t r o n g l y  on t h e  
q u a l i t y  o f  d a t a  wh ich  d e s c r i b e s  t h e  occupan t ,  t h e  a v a i l a b i l i t y  o f  t hese  
p r e d i c t i o n s  can be v e r y  u s e f u l  i n  a s s e s s i n g  d i r e c t i o n  o f  i m ~ a c t  and t h e  
n a t u r e  o f  t h e  combined s t r e s s e s  wh ich  a r e  a p p l i e d  t o  t h e  neck.  T h i s  
a p p l i e s  whether t h e  f o r c e s  a r e  t r a n s m i r t e d  t o  t h e  neck as t h e  r e s u l t  
e i t h e r  o f  a  b low  t o  t h e  head o r  :o t h e  t o r s o .  
The l o c a t i o n  o f  t h e  occupant  w i t h i n  t h e  v e h i c l e  i s  most g r a p h i c a l l y  
i l l u s t r a t e d  by e l l i p s e  man computer -genera ted d i s p l a y s  such as those  
i l l u s t r a t e d  by F i g u r e s  10 and 1 1 .  F i g u r e  10 shows t h e  sequence o r  f l o w  
o f  mot ions  as an o v e r l a y  b u t  can be d i f f i c u l t  t o  use f o r  a n a l y s i s  o f  
occupant  p o s i t i o n  a t  a  p a r t i c u l a r  p o i n t  i n  t i m e .  More u s e f u l  f o r  
d e t a i l s  i s  t h e  s i n g l e  f rame p l o t  such as F i g u r e  12 wh ich  can be o b t a i n e d  
e i t h e r  i n  v e h i c l e  c o o r d i n a t e s  o r  i n  i n e r t i a l  c o o r d i n a t e s  w i t h  t h e  







This sample of results has been selected to demonstrate the 
flexibility available for viewing and analysis of results. Occupant 
motions, while available as tabular data or plots of variables as a 
function of time, are more readily viewed using the eilipse man 
displays. Forces of interaction and all the other dynamic quantities 
are most usefully viewed as computer-generated plots, in many cases 
using overlays. 
2 . 4 . 4 .  Parameter Variations 
Four additional exercises were conducted to examins aspects of roof 
crush and ejection. All used the baseline data set given in Table i as 
a starting point. The first variation involved inclusion of roof crush. 
Table 3 contains this data set. Timing and duration of the roof crush 
were based on that period of time during the baseline run when the 
vehicle was inverted and in contact with the ground as estimated from 
the test movies, An arbitrary deflection of roof structures downward 
into the vehicle was initiated at 700 milliseconds. By 800 milliseconds 
the roof structures intruded into the occupant compartment by more than 
7 inches. After 800 mi 1 1  iseconds, the roof structures held the deformed 
position. The following contact surfaces were involved in the 
intrusion: 
- roof edge line 
- roof line 
- passenger roof edge line 
- passenger roof line 
Others could have been included or the surfaces could have been skewed 
to represent crush on one side only. The technique for implementing 
these data is illustraTed on the 4il Cards in Table 3 .  
Figure 1 1  shows the ellipse man o~ccupant motion display for this 
case while Figures 19 and 20 show forcas generated during occupant/ 
vehicle interactions. It has been noted previously that the location of 
the head of the occupant (from a review of ellipse man plots) is not 
near the roof during the period roof ccush is occurring. It is not 
until after 90G mil?iseconds that head contact with the vehicle is again 
TABLE 3. ROLLOVER DATA S E T  INCLUDING ROOF CRUSH (PAGE 1 OF 4 ) .  
R O L L 5  
3 0 - 2 0 :  REAR V I E W  OF D R I V E R  
1 .  - 4 0 .  32. 1 7 4  .0001 
0 .  0 .  0 .  0. 
. 2  .02 600. 500. 
H E A D  WINDOW 
I I E A D  I IEAOER 
H E A D  DOOR 
I i E  AL) P . WINDOW 
H E A D  P . H E A D E R  
H E A D  P . DOOR 
H E A D  ROOF 
H E A D  P . ROOF 
U P P E R  TORSO ROOF 
U P P E R  TORSO P . DOOR 
U P P E R  TORSO S E A T  C U S H I O N  
U P P E R  TORSO P . ROOF 
U P P E R  TORSO DOOR 
LOWER TORSO ROOF 
LOWER TORSO P .ROOF 
LOWER TORSO S E A T  C U S H I O N  
LOWER TORSO H I P  P A N E L  
LOWER TORSO P . H I P  P A N E L  
R I G t i T  U P P E R  L E G  S E A T  C U S H I O N  
R I G H T  FOOT FLOOR 
L E F T  U P P E R  L E G  S E A T  C U S H I O N  
L E F T  U P P E R  L E G  DOOR 
R I G H T  U P P E R  L E G  P . O O O R '  
L E F T  FOOT FLOOR 
L E F T  FOOT DOOR 
R I G H T  FOOT P . DOOR 
R I G H T  FOOT ROOF 
R I G H T  FOOT P . ROOF 
L E F T  FOOT LOW DASH 
R I G H T  FOOT LOW D A S H  
L E F T  UPPER ARM OOOR 
L E F T  LOWER ARM DOOR 
0.  0 .  0 .  0 .  
0 .  0 .  0 .  0 .  
1 .  1 .  0 .  0.  ., 
1 .  1 .  0 .  0 .  
0 .  0.  1 .  0 .  
H E A O  
H E A D  0 .  0 .  
U P P E R  TORSO THORAX M A T E R I A L  
U P P E R  TORSO 0.  0.  
CENTER TORSO THORAX M A T E R I A L  
CENTER TORSO - 1 . 9 5 6 3  0.  
LOWER TORSO 
LOWER TORSO 0. 0. 
L E F T  U P P E R  L E G  
L E F T  U P P E R  L E G  ,781836 - 4 . 4 5  
L E F T  LOWER L E G  
L E F T  LOWER LEG -.36406 4 . 4 5  
L E F T  FOOT 
L E F T  FOOT 7 . 3  4 . 4 5  
R I G H T  U P P E R  L E G  
R I G H T  UPPER L E G  . 7 8 1 8 3 6  4 . 4 5  
R I G H T  FOOT 
R I G H T  FOOT 7 . 3  - 4 . 4 5  
.5 to. 100 
10. .000001 10. 
10. 1 .  1 .  
TABLE 3. ROLLOVER DATA S E T  I N C L U D I N G  ROOF CRUSH ( P A G E  2 OF 4 ) .  
L E F T  U P P E R  A R M  7. 1. 
L E F T  U P P E R  A R M  0. 0 .  6.88 1.64 
L E F T  LOWER A R M  8. 1 .  
L E F T  LOWER ARM 0 .  0. .a17523 1 . 1 1  
R I G H T  LOWER L E G  6. 1. 
R I G I I T  LOWER L E G  - ,36406 -4.15 7.33778 2.23 
0. 8.80333 4.69511 4.89074 4.24 10.7 
3.22789 2.15193 2.24974 2.44537 2.1982 6.05145 5.25 
,025 .095 .031 ,098 .09 -05 ,012 
,297 2.17 .31 1.78 .77 1. , 137 
31.2 5. 0. 0. 2000. 3000. 0. 
31.2 5. 0. 0. 2000. 3000. 0.. 
SO. 5. 0. 0. 2000. 3000. 15. 
50. 5. 0. 0. 2000. 3000. 15. 
16 .  5. 0. 0 ,  2000. 3000. -165. 
1G. 5 .  0. 0. 2000. 3000. 195. 
16. 5. 0. 0. 2000. 3000. 90. 
16. 5 .  0 .  0. 2000. 3000. 30. 
751. 0. 757. 1.98 
1000. 0. 800. 2 . 5  0. 
31.2 5. 0. 0. 2000. 3000. 30. 
31.2 5. 0 .  0 .  2000. 3000. 30. 
751. 0. 757. 1.98 
0. 0. 0. 0. -180. 180. 0. 
3. 188 2. 125 0. 
T H O R A X  M A T E R I A L  0. 0. 50. 100. 101. 
T H O R A X  M A T E R I A L  1 .  T H O R A X  
T H O R A X  -1. 4080. 
90. 90. 90. 90. 90. -90. -90. 
0. 0. -29. 0. 4.89074 0. 
R O O F  F L O O R  M A T E R I A L  0. 1. 1 .  
H E A D E R  P A N E L  M A T E R I A L  0. 1 .  1 .  
DOOR S I L L  P A N E L  M A T E R I A L  0. 1 .  1 .  
8 - P I  L L A R  P I L L A R  M A T E R I A L  0. 1 .  1 .  
H I P  P A N E L  P A N E L  M A T E R I A L  0. 1. 1 .  
W I N D O W  G L A S S  M A T E R I A L  0. 1 .  1 .  
DOOR DOOR M A T E R I A L  0. 1 .  1 .  
P  . R O O F  F L O O R  M A T E R I A L  0. 1 ,  1 .  
P  . H E A D E R  P A N E L  M A T E R I A L  0. 1 .  1 .  
P . D O O R  S I L L  P A N E L  MATER'IAL 0. 1 .  1 .  
LOW DASI-I P A N E L  M A T E R I A L  0 .  1 .  1 .  
P . 6 - P I L L A R  P I L L A R  M A T E R I A L  0. I 1 .  
P . H I P  P A N E L  P A N E L  M A T E R I A L  0. 1 .  1 .  
P  . W I N D O W  G L A S S  M A T E R I A L  0 .  1 .  1 .  
P  . DOOR DOOR M A T E R I A L  0 .  1 .  I. 
F L O O R  F L O O R  M A T E R I A L  0. 1 .  1. 
S E A T  C U S H I O N  S E A T  M A T E R I A L  0. 1 .  I .  
ROOF 2. 1. 1 .  0. 1. 
H E A D E R  1 .  1 .  1 .  0 .  1 .  
DOOR S I L L  1 .  1 .  1 .  0. 1 .  
B - P I L L A R  1 .  1. 1. 0. 1 .  
H I P  P A N E L  1 .  1 .  1 .  0. 1 .  
W I N D O W  1. 1. 1 .  0. 1. 
D O O R  1 .  1 .  1. 0. 1 .  
P  . R O O F  2. 1 .  1 .  0. 1 .  
P  . H E A D E R  1. 1 .  1. 0. 1 .  
P . D O O R  S I L L  1. 1 .  1 .  0 .  1 .  
LOW D A S H  1 .  1 .  1 .  0. 1. 
P . B - P I L L A R  1 .  1 .  1 .  0. 1. 
P . H I P  P A N E L  1 .  1 .  1. 0. 1. 
P .  W I N D O W  1 .  1 .  1 .  0. 1 .  
P  . DOOR 1. 1. 1 .  0. 1 .  
F L O O R  1 .  1 .  1. 0. 1 .  
S E A r C U S H I O N  1 .  1 .  1 .  0. 1 .  
P A N E L  M A T E R I A L  0. 0. 50. 100. 101. 
P I L L A R  M A T E R I A L  0. 0 .  50. 100. 101. 
0. 0. 
Z E R O  G R R A T I O  
TABLE 3.  ROLLOVER DATA S E T  1NCLUD:;NG ROOF CRUSH ( P A G E  3 O F  4 ) .  
DOOR MATERIAL 0 .  0 .  5 0 .  100. 
FLOOR MATERIAL 0 .  0 .  5 0 .  100 .  
SEAT MArERIAL 0 .  0.  5 0 .  100. 
GLASS MATERIAL 0 .  0 .  , 0 0 1  5  
PANEL MATERIAL 1 .  
PlLLAR MATERIAL 1 .  
DOOR MATERIAL 1 .  
FLOOR MAIERIAL 1 .  
SCAI MAIERIAL 1 .  
GLASS MATERIAL 1 ,  
CRKATIU - 1 .  0. 
GRRATIO - 1 .  1 .  
PANEL 0 .  0 .  
PANEL 3 .  3 0 0 0 .  
PANEL 4 .  13000 .  
PILLAR - 1 .  4 0 0 0 .  
DOOR - 1 .  1 0 0 0 .  - 5 6 2 . 5  1 0 3 1 . 1 5  - 5 6 2 . 5  
FLOOR - 1 .  8 6 0 .  
SEAT 0 .  0 .  
SEAT 2 . 5 8  103 .  
SEAT 4 .  4 0 0 .  
SEAT 5 .  1000. 
SEAT 5 . 5  2 0 0 0 .  
GLASS - 1 .  10000 .  
ZERO - 1 .  0. 
ROOF EDGE L INE ROOF 5 .  . 5  
ROOF L INE ROOF 5 .  , 2 0 3  
tiEAOERLINE HEADER 4 . 5  . 5  
DOOR S I L L  L INE DOOR S I L L  7 .  0 .  
0 - P I L L A R  L INE 0 -P ILLAR 7 .  , 2 8 4  
H I P  PANEL LINE H I P  PANEL 7 . 5  0 .  
WINDOW LINE W 1 NOOW 4 . 5  0 .  
DOORLINE , DOOR 6 . 8  0 .  
P.ROOF EDGE LINEP.ROOF 5 .  . 5  
P.ROOF L INE P  . ROOF 5 .  , 2 0 3  
P.HEADERLINE P  .HEADER 4 . 5  . 5  
P.DOOR S I L L  LINEP.DOOR S I L L  7 .  0 .  
LOW DASH LOW DASH 5 .  . 5  
P . 8 - P I L L A R  L INE P . B - P I L L A R  7 .  , 2 8 4  
P . H I P  PANEL L I N E P . H I P  PANEL 7 . 5  0 .  
P.WINOOW L INE P.WlNDOW 4 . 5  0 .  
P.DOORLINE P .  DOOR 6 . 8  0 .  
FLOORLINE FLOOR 4 .  0 .  
SEAT CUStiION LN.  SEAT CUSHION 7 . 5  0 .  
ROOF EOGE L INE 4 .  
ROOF L INE 4 .  
HEAOERLINE 4 .  
DOOR S I L L  L INE 1 .  
0 -P ILLAR L INE 4 .  
H I P  PANEL L INE 1 .  
WINOOW L INE 1  
OOORL INE 1 .  
P.ROOF EOGE L I N E 4 .  
P.ROOF L INE 4 .  
P .  HEADERLINE 4 .  
P.DOOR S I L L  L I N E 1 .  
LOW DASH 1 .  
P . 0 - P I L L A R  L INE 4 .  
P . H I P  PANEL L I N E ! .  
P.WINDOW L INE 1 .  
P.0UORLINE 1 .  
F  LUORL 1  NC 1 .  
S E A T  CUSHION L N . 1 .  
ROOF EDGE L INE 0 .  - 8 . 8 5 1  - 4 2 . 8 8 1  - 6 . 5 4 9  
ROOF EDGE L INE 7 0 0 .  - 8 . 8 5 4  - 4 2 . 8 8 1  - 6 . 5 4 9  
ROOF EDGE L INE 8 0 0 .  - 8 . 8 5 4  - 3 5 .  - 6 . 5 4 9  
1 0 1 .  
1 0 1 .  
1 0 1 .  


















0 .  
2 5 0 0 .  
0. 
GRRATIO 




GRRAT I 0  
T A B L E  3.  R O L L O V E R  D A T A  S E T  I N C L U D I N G  ROOF CRUSH ( P A G E  4 O F  4 ) .  
ROOF EDGE LINE 3 0 0 0 .  
ROOF LINE 0 .  
ROOF LINE 7 0 0 .  
ROOF LINE 8 0 0 .  
ROOF L INE 3 0 0 0 .  
I-IEADERL INE 0.  
HEADERLINE 1271 .  
HEADERLINE 1600 .  
HEADERLINE 1800.  
DOOR S I L L  L INE - 1 .  
6-PILLAR L INE 0 .  
6 -P ILLAR L INE 1271 .  
B-PILLAR LINE 1600 .  
6 -P ILLAR L INE 1800 .  
H I P  PANEL LINE - 1 .  
WINDOW LINE - 1 .  
DOORL IFJE - 1 .  
P.ROOF EDGE LINEO. 
P.ROOF EDGE L I N E 7 0 0 .  
P.ROOF EDGE L I N E 8 0 0 .  
P.ROOF EDGE L I N E 3 0 0 0 .  
P.ROOF LINE 0 .  
P.ROOF LINE 700. 
P.ROOF L INE 8 0 0 .  
P.ROOF LINE 3 0 0 0 .  
P.IIEAUERI.INE 0 .  
P  .IiEADERL I F I E  127 1  . 
P.HEADEHLINE 1600 .  
P , I I E A O V ~ < ~  INK t n o o .  
P.DOOK S I L L  L I N E - 1 .  
LOW DASH - 1 .  
P.0-PIL.L.AR L INE 0 .  
P . 6 - P I L L A R  LINE 1271 .  
P . 0 - P I L L A R  LINE 1600 .  
P . 6 - P I L L A R  LINE 1800 .  
P . H I P  PANEL L I N E - 1 .  
P.WINDOW L INE - 1 .  
P.DOORLINF - 1 .  
FLOURL INE - 1 
SEA7 CUSHION LN.  - 1 .  
1 1 .  . 0 5  
0 .  4 3 . 4  - 4 5 . 5 8  
13 .  0 .  
0.  0.  2 0 0 .  
8 0 0 .  3 4 4 . 2 4  1000. 
1550 .  5 3 6 . 2 4  1620 .  
2 0 0 0 .  6 0 7 . 0 3  
2 0 .  0 .  
0 .  - 4 5 . 5 8  4 0 .  
2 9 5 .  - 3 5 . 8 8  3 6 0 .  
7 0 0 .  - 5 1 . 3 9  7 8 0 .  
1120 .  - 1 2 . 6 1  1185.  
1'725. - lO . ' IG  1785.  
!#I. 2 .  . 1A75 
0 .  - 2 8 . 5  3 0 .  
2  15  - 3 8 .  355. 
1360. - 3 0 5 .  1.130. 
1 8 7 0 .  - 3 7 9 .  2 0 0 0 .  
noted.  Even though t h e r e  a r e  more c o n t a c t s  o f  t h e  head w i t h  t h e  r o o f  i n  
t h e  case o f  r o o f  c rush ,  t h e i r  l e v e l  o f  f o r c e  i s  no l a r g e r  t han  those 
c o n t a c t s  observed when t h e  r o o f  remained i n t a c t .  
The appendix t o  t h i s  r e p o r t  c o n t a i n s  t h e  b u l k  o f  p r i n t o u t  f rom t h e  
r o o f  c r u s h  s i m u l a t i o n  based on t h e  d a t a  s e t  c o n t a i n e d  i n  Tab le  3 .  
A l though p r i n t o u t  i s  a t  10 m i l l i s e c o n d  i n t e r v a l s  I n  t h e  p r i n t o u t ,  a c t u a l  
va lues  were computed a t  0.5 m i l l i s e c o n d  i n t e r v a l s .  These l a s t  v a l u e s  
would be t h e  most a p p r o p r i a t e  f o r  use i n  a  computer-generated d i s p l a y  o f  
t h e  r e s u l t s .  I n  f a c t ,  because o f  t h e  b u l k  o f  t n e  o u t p u t ,  g r a p h i c a l  
d i s p l a y s  a r e  t h e  o n l y  p r a c t i c a l  method f o r  h a n d l i n g  most o f  t h e  
v a r i a b l e s .  
F i g u r e  21 shows t h e  second parameter  v a r i a t i o n  where t h e  passenger 
door i s  t o  presumed t o  be f o r c e d  open near t h e  end o f  t h e  e x e r c i s e .  
T h i s  was accornpl i shed  i n  t h e  d a t a  s e t  (41 1 cards)  by moving t h e  
passenger door and window c o n t a c t  s u r f a c e s  away f r o m  t h e  v e h i c l e  when 
t h e  v e h i c l e  f i n i s h e s  i t s  r o l l  t o  l a n d  u p r i g h t  d u r i n g  a  f o r c i b l e  l a t e r a l  
i n r e r a c t i o n  between t h e  v e h i c l e  t i r e s  and t h e  ground (1700 
m i l l i s e c o n d s ) .  The occupant  i s  shown ~ e i n g  e j e c t e d  a t  t h e  end o f  t h e  
s i m u l a t i o n  w h i l e  s t i l l  moving a t  c l o s e  t o  15 mph. I t  shou ld  be n o t e d  
t h a t  a l l  i n t e r a c t i o n s  w i t h  t h e  passeng4er door and window s t r u c t u r e s  were 
t h e  same as i n  t h e  b a s e l i n e  case u n t i l  1700 m i l l i s e c o n d s .  
F i g u r e  2 2  shows t h e  t h i r d  parameter  v a r i a t i o n  wh ich  s imu la ted  t h e  
case where t h e r e  was no passenger door a t  any t ime  d u r i n g  t h e  s i m u l a t i o n .  
E j e c t i o n  o c c u r r e d  s h o r t l y  a f t e r  500 m i l l i s e c o n d s  w h i l e  the  v e h i c l e  was 
i n  a  p r i m a r i l y  r o t a t i o n a l  mode. The r e s u l t  was t h a t  t h e  occupant  was 
f l i p p e d  up i n t o  t h e  a i r  as t h e  r e s u l t  o f  head and shou lder  c o n t a c t s  w i t h  
t h e  r o o f  s t r u c t u r e s  near t h e  passenger door .  ay 2000 m i l l i s e c o n d s  t h e  
d u r a t i o n  o f  t h e  s i m u l a t i o n ,  t h e  occupa l i t  i s  b e g i n n i n g  t o  f a l l  toward t h e  
ground,  
F i g u r e  23 shows y e t  another  case o f  e j e c t i o n  by e l i m i n a t i n g  t h e  
d r i v e r  doo r .  I n  t h i s  case t h e  d r i v e r  i s  e j e c t e d  a t  1200 m i l l i s e c o n d s .  
T h i s  occu rs  as t h e  v e h i c l e  becomes a i r b o r n e  a f t e r  r o o f  and d r i v e r  s i d e  
c o n t a c t  w i t h  t h e  ground.  The d r i v e r  i s  l i t e r a l l y  dumped o u t  o n t o  t h e  
ground and c o u l d  be t rapped  under t h e  v e h i c l e  as b o t h  e n t i t i e s  c o n t i n u e  
t h e i r  s i m u l a t e d  movement. 


PASSENGER DOOR OPENS A T  END 
FIGURE 21. OCCUPANT r l O T I O N S  W I T H  PASSEPIGER DOOR OPEN A T  END. 
NO PASSENGER DOOR 
F I G U R E  2 2 .  OCCUPANT E.1OTIONS WITH NO PASSENGER DOOR. 
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